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Abstract 
 
The aim of this review is to find the most efficient way of adhering body cavity cells from 
Tardigrada to a surface without killing it. This is of interest because these cells are believed to be 
involved in anhydrobiose. By conducting an atomic force microscope (AFM) scan of these cells it is 
expected that more knowledge will be obtained. 
Little is known about the body cavity cells, so in order to fulfil our aim we have chosen to look at 
another invertebrate that is well described in the literature, being Drosophila melanogaster, which 
is closely related to Tardigrada. In order to compare these organisms we assume that fat body cells 
from D. melanogaster have the same type of adhesion properties as the body cavity cells from 
Tardigrada. 
 
In this review integrins, RGD, fibronectin and the components of the basal lamina; laminin, 
collagen, nidogen, and the proteoglycans perlecan and papilin are considered. Of these we 
recommend RGD as a coating medium before testing other more difficult and expensive coating 
mediums. If no adhesion is observed with RGD another approach would be to coat with laminin, 
either the whole protein or the different binding sequences independently. 
 
Keywords: Cell adhesion, Tardigrada, Body cavity cells, RGD, Drosophila melanogaster, Integrin, 
Laminin, Collagen, Basal lamina, perlecan, papilin, tiggrin. 
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Introduction 
The Water bear (phylum Tardigrada) is a unique organism that can withstand some of the harshest 
conditions on this planet. Tardigrada can survive drought by going into anhydrobiosis and then re-
emerge when the conditions are optimal. 
 
There has not been conducted a thorough metabolic or molecular investigation of Tardigrada. By 
investigating the coelom free floating yellow cells can be observed. These cells are called body 
cavity cells and are believed to be involved in anhydrobiotic survival. By making an atomic force 
microscopy (AFM) scan of these cells one would hope to gain a better description of how these 
cells look and thereby a better understanding of how they work. In order to make an AFM scan of a 
living cell, it has to adhere to a surface without dying. Knowledge of binding sites and the types of 
adhesion is crucial information when wanting to adhere a cell to a surface. This knowledge is used 
to choose a coating medium that the cell will bind to without killing it. 
 
To our knowledge nothing is known about the proteins found on the surface of body cavity cells 
from Tardigrada. In order to conduct an adhesion of this type of cell we have decided to write an 
article review to find proteins in related organisms and explore their abilities in cell adhesion. 
 
In order to fulfil our aim we have chosen to look at another invertebrate that is well described in the 
literature, being Drosophila melanogaster. The complete genome of this organism has been 
sequenced and massive research has been done, making it a good choice for studying the different 
adhesion molecules. When comparing the D. melanogaster with Tardigrada we have to make some 
assumptions in regard to the similarities of the Drosophila fat body cells and the Tardigrada body 
cavity cells. We assume that fat body cells from D. melanogaster have the same type of adhesion as 
the body cavity cells from Tardigrada.  
 
To conduct an AFM scan of the body cavity cells, an insight to the general cell adhesion is needed 
to suggest what kind of adhesion molecules are most preferable as coating medium for fixating 
these cells. In the following sections we will describe integrins and components of the basal lamina. 
 
The choice of model organism and proteins is based on the arguments presented in the following 
section. 
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Method 
 
Choice of model organism 
In this section the Tardigrada body cavity cells along with the fat body cells of D. melanogaster are 
described. This is done to validate the choice of D. melanogaster in addition to the fact that the 
phylum Arthropoda, to which this organism belongs, is closely related to Tardigrada. We also 
compare the coelomocytes in Caenorhabditis elegans with the body cavity cells of Tardigrada. 
Nematodes, to which C. elegans belongs, are not as closely related to Tardigrada as Arthropoda. 
We therefore choose D. melanogaster as the primary model organism (figure 1).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Eukaryota 
Animalia 
Metazoa 
Eumetazoa 
Bilateria 
Coelomata 
Protostomia 
Ecdysozoa 
Tardigrada 
Eutardigrada 
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Arthropoda 
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Diptera 
Drosophila Melanogaster 
Pseudocoelomata 
Nematoda 
Caenorhabditis elegans 
Figure 1: Taxonomic overview of Tardigrada, D. melanogastor and C. elegans. 
The one thing all these three organisms have in common is the subkingdom Bilateria. After this the organisms with 
coelom (Tardigrada and D. melanogaster) part taxonomically from the ones without (C. elegans). 
Source: Internet source 1 
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Body cavity cells in Tardigrada 
Body cavity cells, also called Speicher cells, storage cells or Coelomocytes, are the only free-
moving cells in the body cavity in Tardigrada (Wgarska, 1975) moving passively in the body 
cavity fluid by the currents caused by the animals’ movement (Kinchin, 1994). The epidermal, 
epithelial, muscular, and nervous tissues form a basement membrane on the side making contact 
with the body cavity (Harrison, 1993). 
 
The cell shape is generally spherical but is easily deformed and form pseudopodia to phagocytose 
material in the body cavity (Harrison, 1993). The shape depends on their position in the animal. 
Those in contact with the epidermis or intestine have irregular edges (Kinchin, 1994). The cells 
surround the inner organs and supply them with nourishing substances (Wgarska, 1975), and 
appear to adhere temporarily to tissues as the epidermis, intestine (Kinchin, 1994), gonads 
(Harrison, 1993), nervous system, ovary, muscles and integument (Wgarska, 1975). In echiniscids 
(smaller than Eutardigrades and Heterotardigrades) the cells appear to be anchored to the gut and/or 
body wall (Dewel, et al., unpublished data). The cells have storage vacuoles and store lipids, 
polysaccharides and carbohydrates. If all stored materials are used up, cells are digested by 
autolysosome (Wgarska, 1975). Therefore the size and number of cells are indications of the 
animals’ nutrition condition (Kinchin, 1994). The cells are assumed to be important in promoting 
anhydrobiotic survival (Wgarska, 1975; Kinchin, 1994).  
 
Tyrosinase activity in Macrobiotus hufelandi suggests a defence role for these cells (Volkman and 
Greven, 1993) and a phagocytic function has been proposed by Greven (1980) when bacteria were 
observed in the body cavity cells of infected animals. 
 
Coelomocytes in C. elegans 
C. elegans has cells called coelomocytes. This type of cell is free-floating and spherical, lying in the 
pseudocoelomic cavity of larvae and adult C. elegans. The cell can endocytose many compounds, 
possibly for immune surveillance. There are six coelomocytes in adult hermaphrodites, often lying 
pairwise together, and they display prominent cytoplasmic inclusions and vacuoles (Bird, 1991). 
Coelomocytes are clearly involved in the metabolism of the body cavity fluid, and coelomocytes 
organelles take part in this process. Because of the abundance of organelles in coelomocytes and the 
oxidative and hydrolytic functions of these organelles, coelomocytes are suggested to be important 
centers of intermediary metabolism in nematodes (Turpeenniemi, 1993). Another important 
characteristic of several nematodes (C. elegans not included), is the capability of going into 
anhydrobiosis (Browne, et al., 2004; Wharton, 1986).  
 
Fat body cells in D. melanogaster  
The insect fat body is a dynamic tissue that participates in multiple biochemical functions, including 
energy storage, intermediary metabolism, detoxification, communication and immune response, and 
it is a major site for synthesis and storage of carbohydrate, lipid, proteins and nitrogenous 
components (Keeley, 1985). It consists of either two or three cell types. The predominant 
metabolic-storage cells are urocytes and mycetocytes. The fat body also plays a role in the innate 
immune response (Hoffmann, et al., 1996). 
 
The fat bodies are divided into various areas in an individual, based upon either differences in the 
cell type, their function, the morphology or arrangements of the tissue in the body regions (Keeley, 
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1978). In Drosophila larvae six regions of fat body have been found along the anterior-posterior 
axis. Although collectively referred to as the fat body, these regions have been shown to be distinct 
in their ultra structure, biochemistry, and gene expression (Haunerland and Shirk, 1995). No matter 
what the precise layout is of the tissue, a constant feature is that a very large area is exposed to the 
haemolymph which allows rapid metabolite exchange (Kerkut, 1985).  
 
A comparison of the different cell types 
Although coelomocytes in C. elegans and body cavity cells in Tardigrada have similar properties, 
C. elegans is not as closely related to Tardigrada as D. melanogaster. Although we used D. 
melanogaster as a model organism, C. elegans has some relation to Tardigrada in regard to body 
cavity cells and, like D. melanogaster, the whole genome of C. elegans has also been sequenced.  
 
In regard to fat cells of D. melanogaster and Tardigrada similarities are seen. It seems that the fat 
cells from these different organisms have similar functions regarding storage and immune response. 
One important difference is that the body cavity cells from Tardigrada are free floating. This could 
indicate that there are differences in the surface proteins of the two cell types. Although the body 
cavity cells from Tardigrada are free floating, it has been shown that these cells are able to bind 
temporarily (Kinchin, 1994; Harrison, 1993; Wgarska, 1975), indicating the presence of some sort 
of adhesion molecules on the cell surface. Because of this ability it is likely that body cavity cells 
and fat body cells have some similar binding proteins. 
 
Procedure  
The fat body is surrounded by a basal lamina consisting of collagen, laminin, perlecan, paplin and 
nidogen. The body cavity cells have been observed to adhere temporarily to components surrounded 
by basal lamina. This indicates that the body cavity cells either are surrounded by a basal lamina or 
have integrins, molecules located in the cell surface, that mediate cell adhesion to the basal lamina. 
In both cases knowledge of the basal lamina is relevant. We therefore choose to describe the 
components involved in cell adhesion via integrins to the basal lamina. When studying the surface 
of body cavity cells it is important to preserve the conformation. Generally when studying the 
adhesion of cells it is important to take possible conformation changes into account. Since research 
of body cavity cells is in its early stage, conformation changes will not be regarded in this review. 
When looking at integrins, another ligand, fibronectin will also be described briefly. Several of the 
components in the basal lamina contain sequence RGD which is a binding site for some integrins. 
We will look at the possibility of coating with an RGD motif instead of coating with an entire basal 
lamina protein. Furthermore a short description of the methods in cell adhesion is presented 
regarding how to conduct an adhesion assay. 
 
In order to study the adhesion of cells to a substrate it would be obvious, in addition to integrins and 
the basal lamina, to look at carbohydrates, lectins and the dystrophin complex. These will be 
commented briefly, but since the primary focus in this review is the integrins and the basal lamina 
carbohydrates, lectins and the dystrophin complex will not be evaluated as surface receptors and 
coating mediums. 
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Integrins and RGD sequences  
Introduction to integrins 
Integrins are common in most animal cells for binding with the extra cellular matrix (ECM). 
Integrins are a part of a large family of receptors which has cell-matrix adhesion as its primary 
function. They are represented in large amounts on the cell surface but bind to their ligands with 
low affinity (Alberts, et al., 2002). The low binding affinity combined with a large amount, makes 
integrins bind very weak to a surface, but enough to make cells adhere. This makes it possible for 
integrins to let go when adhesion is no longer preferable (Alberts, et al., 2002).  
 
Integrin structure  
An integrin molecule consists of two glycoproteins (subunits - 
 
and ). As shown in figure 2 an 
integrin molecule is transmembranelle, and its subunits are anchored in the cytosol of the cell. It is 
very important for an adhesion molecule to be firmly anchored, in order to hold on to other cells or 
to the ECM. When binding to the ECM, the tail of the integrin -subunit will connect to several 
anchor proteins in the cell i.e. talin, α-actinin, and filamin. These will be attached to bundles of 
actin filaments. Every integrin will by linked to actin filaments in this way, making a network in the 
cell. This will make the integrins cluster and form focal adhesions between the cell and the ECM 
(Alberts, et al., 2002).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Structure of the integrin - and -subunits 
The  subunit is a glycoprotein with several divalent cations, 
recognishing and binding ligands. The  subunit, also a 
glycoprotein, has only one or a few divalent cations. When 
integrins bind the subunit attaches to anchor proteins, which 
gives integrins strength in bindings.  
Picture source: Alberts, et al., 2002 
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Integrins are categorized and named by their subunits. The presence of these subunits determines 
the function of the integrin. The number of  and  subunits vary a lot from organism to organism.  
In D. melanogaster, 5  and 2  subunits are known. In a larger organism, like humans the number 
of subunits is much higher. In human cells there are 18  and 8  integrin subunits. From these 
subunits, it is known that human cells form 24 integrins, but theoretically other integrins could exist 
(Huhtala, et al., 2005).  
 
In this way the different  and  subunits can be combined and recombined to fit the many different 
purposes in many different cells. Two integrins seemingly alike can have different functions 
because of their subunits, i.e. the integrin 51 is a fibronectin receptor and the integrin 61 is a 
laminin receptor. These two integrins are very similar in their structure but have very different 
purposes (Alberts, et al., 2002). 
 
Integrin binding 
When integrins bind to their ligands, it is due to divalent-cation-binding sites on the extra cellular 
part of the subunits. These binding sites link up with divalent cations on the surface of the ECM or 
cell that the integrins are in contact with (ligands). The two cations used in most bindings are Ca2+ 
and Mg2+. These cations can also determine the strength and specificity of the integrin binding 
(Alberts, et al., 2002). 
 
As mentioned earlier integrins bind to surfaces creating focal adhesions. But integrins can also bind 
to surfaces without focal adhesions. This is done when cells need to migrate or spread. To do so 
cells form focal complexes. A focal complex in this sense is when integrins, anchored in the 
cytoskeleton, adhere to a surface without forming mature focal adhesions. If this adhesion should 
grow to a focal adhesion it needs to be activated by the CTPase Rho. By activating Rho more actin 
filaments and integrins will be created at the point of adhesion (Alberts, et al., 2002). 
 
Integrins in D. melanogaster 
Integrins in D. melanogaster are characterised by being formed by from five -subunits and one of 
two -subunits. All integrins in D. melanogaster are position-specific (PS). They are all made from 
six subunits, which are PS1, PS2, PS3, PS4, PS5 and PS. The second -subunit v has no know -
subunit pairs. The precise function of the v-subunit is therefore still unknown. In some studies it is 
suggested that, this subunit could function alone or as a homodimer.  From the subunits five main 
heterodimeric integrins are formed; PS1 (PS1PS), PS2 (PS2PS), PS3 (PS3PS), PS4 (PS4PS) and 
PS5 (PS5PS) (Hynes and Zhao, 2000). Some mutations of the PS2 and PS subunits occur in D. 
melanogaster. This makes up the basis for the creation of other integrins (Brown, 1993). Not all 
ligands for D. melanogaster integrins are yet known, but some have been discovered. Experiments 
have shown that PS1 is a laminin receptor and that tiggrin functions as a ligand for PS2. In the 
following sections some of the known and suspected ligands for D. melanogaster integrins will be 
described (Huhtala, et al., 2005). 
 
PS1 integrin (PS1PS): 
-Laminin  
Laminin is an integrin ligand. In D. melanogaster it is coupled to the PS1 integrin. When looking at 
it in a broader scale the PS1 integrin subunit is more closely related to the laminin receptor at 
various human  subunits (human 3 (32% identity), human 6 (31.5% identity), and rat dl (31% 
  
 
Page 11 of 51 
identity)) than to the PS2 integrin subunit in D. melanogaster (only 21.7% identity). It is obvious 
that the PS1 integrin has several similarities to vertebrate laminin receptors and thereby validating 
the suggestion that the PS1 integrin could be a laminin receptor. This was confirmed in 1994 when 
Philip J. Gotwals and colleagues conducted an experiment showing that spreading and adhesion 
with different D. melanogaster integrins depended on the ligands. Here integrins on the surface of 
Schneider S2 cells were tested. This showed that PS1 integrins did spread on laminin and not on 
tiggrin (Figure 3) (Gotwals, et al., 1994). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PS2 integrin (PS2PS) 
- Tiggrin  
An important ligand for the PS2 integrin, in D. melanogaster, is tiggrin. There are two main reasons 
to this. First, tiggrin is positioned in high concentrations where the PS2 integrin works. Both tiggrin 
and PS2 integrins are found in muscle apodemes and muscle Z-bands. Here it helps keeping muscle 
and tendon cells connected. Secondly, tiggrin has a RGD amino acid sequence, which acts as a 
recognition site for the PS2 integrin. In vitro cell spreading assays done by Frances J. Fogerty and 
colleagues in 1994 supports the fact that tiggrin is a PS2 integrin ligand in D. melanogaster embryo 
cells. In these experiments Frances J. Fogerty and colleagues showed that cell spreading of S2 cells 
occurred more frequently with cells that expressed a PS2 chain. This experiment was conducted 
with ordinary S2 cells, PS2 chain expressing S2 cells with additional 25 amino acids (HSPS2(C)) 
and PS2 chain expressing S2 cells missing these 25 amino acids (HSPS2(m8)). These cells were 
added to plates coated with tiggrin. The results were that the non-transformed S2 cells did not 
spread because of their lacking RGD-recognition sites. HSPS2(C) spread very strongly on the plates 
because it expresses the PS2 chain plus the additional 25 amino acids making it recognise the RGD-
sequences in tiggrin. Finally HSPS2(m8) had nearly the same spreading probabilities as HSPS2(C), 
but not as strongly because it lacks the extra 25 amino acids. The results are also shown in fig. 4 
(Fogerty, et al., 1994).  
 
 
Figure 3: Cell spreading of Drosophila on laminin and tiggrin.  
S2 cells, some of which express two different integrins, were tested for their 
ligand affinity. The bars show the mean percentage of spread cells. The 
experiment shows that PS1 integrins spread well on laminin, while PS2 
integrins spread on tiggrin. 
Picture source: Gotwals, et al., 1994 (modified) 
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The most important function for tiggrin is when the PS2 integrin bind to ECM. This is done by 
tiggrin located in ECM which binds to PS2 integrins and mediates a binding. A similar function of 
tiggrin is found in the binding in the wings of D. melanogaster. At the base of the wings, where 
wing cells attaches to muscle cells, PS2 integrins make an adhesion between two sheets of 
epidermal cells. This adhesion is believed to be mediated by tiggrin (Fogerty, et al., 1994). 
Until recently it was thought that tiggrin could also mediate binding between two PS2 integrins. But 
new studies have shown that for tiggrin to mediate such a binding it would be required to have two 
PS2 recognition sites, which is not the case. Instead it is believed that tiggrin provides a link to the 
ECM rather that between two PS2 integrins. Similar functions of tiggrin are believed to be found in 
basement membranes that underlie epithelia, envelop muscles and fat cells (Fogerty, et al., 1994). 
Lack of tiggrin can lead to loss of function and structure in muscle in D. melanogaster larvae. 
Several experiments have shown that body wall muscles generally get thinner or appear to be 
missing/detached in tiggrin-deficient larvae of D. melanogaster (Fogerty, et al., 1994). 
 
- Fibronectin and Vitronectin 
It is very likely that tiggrin is not the only ligand for the PS2 integrin (Bunch, et al., 1998; Graner, 
et al., 1998). Both fibronectin and vitronectin plays a role in vertebrate integrin binding to ECM 
(Fogerty, et al., 1994). They are thought to play a role in the binding mechanisms of the PS2 
integrin in D. melanogaster, but this has not yet been confirmed. 
 
PS3 integrin (PS3PS) 
The exact ligand for the PS3 integrin is not yet known, but it is believed that laminin can be its 
ligand. The PS3 integrin plays an important role for the development of the trachea, dorsal vessel, 
dorsal closure and salivary gland in the embryonic stage (Internet source 2). 
 
 
Figure 4: Integrin-mediated cell spreading on tiggrin. 
Experiment done with Drosophila S2 cells, two of which have been 
transformed to HSPS2(m8) and HSPS2(C). HSPS2(C) expresses the PS2 
chain and contains 25 additional amino acids – high spreading on 
tiggrin. HSPS2(m8) is similar but is missing the 25 amino acids. Both  
cell lines also express the PS chain. 
Picture source: Fogerty, et al., 1994 (modified) 
  
 
Page 13 of 51 
 
 
PS4 and PS5 integrin (PS4PS and PS5PS) 
Both the PS4 and PS5 integrin was only recently identified, and little is known about their ligand 
binding properties. The function of these two integrins is somewhat unknown, but they are thought 
to play a possible role in cell-cell interactions (Internet source 3). 
 
Summery 
In D. melanogaster five -subunits (PS1, PS2, PS3, PS4 and PS5) and two -subunits (PS and v) 
have been found. The second -subunit v has no know a-subunit pairs. From these subunits five 
main heterodimeric integrins are formed; PS1 (PS1PS), PS2 (PS2PS), PS3 (PS3PS), PS4 (PS4PS) 
and PS5 (PS5PS). 
 
Not all ligands for D. melanogaster integrins are yet known, but some have been discovered. 
Experiments have shown that PS1 is a laminin receptor and it is also believed that the same is true 
for PS3. Tiggrin functions as a ligand for PS2. Here PS2 binding is mediated through the RGD site 
in tiggrin. The most important function for tiggrin is when the PS2 integrin bind to ECM. This is 
done via tiggrin located in ECM, which binds to PS2 integrins and mediates a binding. 
 
It is very likely that tiggrin is not the only ligand for the PS2 integrin. The PS4 and PS5 integrin 
was only recently identified, and little is known about its ligand binding properties. 
Both fibronectin and vitronectin plays a role in vertebrate integrin binding to ECM. 
 
RGD sequence 
Introduction 
RGD motifs are found in a large range of organisms like vertebrates, amphibians, insects, fungus 
and also in primitive cellular organisms like Hydra. This might indicate that RGD motifs originate 
from a common ancestor dating back to the very early evolution of multicellular animals.  
RGD motifs might therefore also be found in Tardigrada. 
The three amino acid residues arginine-glycine-aspartate (RGD) are known to have R-groups 
belonging to three different classes, the positively charged (with basic amino group), nonpolar and 
negatively charged respectively. RGD-sequences are remarkable in the sense that they act on a 
broad scale in many biological organisms as recognition sequences in cell adhesive proteins. In this 
way they mediate cell-cell bindings and cell-matrix bindings. RDG sequences are of interest 
because of their presence in a vast number of integrin ligands. Some of these ligands are 
extracellular matrix proteins like laminin, collagen, perlecan, nidogen, fibronectin, fibrinogen and 
vitronectin. For some of these ligands it is thought likely that RGD binding is not the primary 
binding mechanism (Eble and Kühn, 1997). 
 
Integrin RGD sequence recognizing  
A method used to test integrin binding to the RGD sequence is to mix the integrins with 
synthetically prepared RGD tripeptides and asses the affinity.    
Synthetic RGD peptide in vitro is not mediating the same binding affinity as in vivo. It is therefore 
evident that other structural residues besides the RGD sequence, must determine the specificity of 
integrin-ligand binding. More than 24 human integrins seem to recognize and bind RGD sequences 
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with different affinity. This indicates that these tripeptides alone do not explain the mechanism of 
RGD mediated binding but instead being a single parameter. Other parameters that affect the RGD 
binding seem to be:  
• Conformation of the integrin pocket where RGD is recognized. 
• Supporting interactions of remote regions of integrins and or its ligands, for instance 
synergistic effects of remote active sites.  
• Structurel presentation of the RGD motif by flanking residues.  
• Structure of the RGD motif itself. 
Several of these parameters will be discussed below (Eble and Kühn, 1997). 
 
RGD loop 
Three dimensional structure analyses have revealed that the RGD motifs are often present at the 
apex of a solvent exposed loop protruding from the ligand protein. This conformation allows 
bending of the tripeptide forming a cyclic tripeptide. Inhibitory experiments have shown that cyclic 
tripeptides bind with higher affinity than linear RGD tripeptides. Bending also allows disulfide 
bridges to be made between cysteine residues of the loops which in some cases have shown to be 
important in binding affinity. It is believed that length and flexibility of the loop might be very 
important features of binding specificity. Some integrins have very deep RGD binding pockets 
demanding long and flexible loops while other demands short and more rigid loops. In this context 
it is obvious that remote areas of both integrins and ligands which might inhibit or facilitate 
interaction of loop or binding pocket have an affect on the RGD recognition binding (Eble and 
Kühn, 1997). 
 
Motif conformation 
The structure of the RGD loop itself have shown to have many conformations. Some highly active 
RGD loops have been shown to have a so called extended type II’ β-turn. The type of turn might 
very well be important determinants of integrin binding affinity and specificity (Eble and Kühn, 
1997). 
 
RGD motif flanking residues 
Amino acid residues flanking the RGD motif in a ligand loop seems to be important for integrin 
specificity. Different integrins have different preferences for flanking amino acids. As an example 
integrin αΙΙbβ3 binds with great affinity to hydrophobic or tryptophan residues next to the tripeptide 
aspartate. Likewise it has been shown that proline flanking the arginine residue of the tripeptide 
often occurs in natural RGD ligands. It is likely that these flanking residues often are not directly 
involved in integrin binding but instead are important for constructing the most active conformation 
of the RGD loops.    
 
Deviating motifs 
In the section above it has been attempted to show structural factors that determine the specificity of 
integrin recognition and binding such as: loop, motif and flanking structures. But nevertheless it has 
been shown that motifs deviating from the RGD sequence might still be recognized by integrin 
RGD recognition sites. In such manner studies of different integrins have demonstrated that DGR, 
KGD, RYD and other motifs might bind in some cases (Eble and Kühn, 1997). 
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Integrins of relevans in RGD ligand binding 
In order to make a qualified guess of the possibility of RGD binding to our cell of interest, it is 
necessary to gain knowledge of types of integrins binding to RGD and their degree of conservation. 
 
RGD binding integrins α subunits 
So far it has been acknowledged that the integrins: α3β1, α5β1, α8β1, αΙΙbβ3, αvβ1, αvβ3 αvβ5, 
αvβ6, αvβ8 and to some extent α2β1 and α4β1 from higher vertebrates has an ability to bind to 
RGD sequences of different conformations (Eble and Kühn, 1997).  
 
Integrin relationship of α subunits 
Gaining insight in to the evolution of integrins might give a hint of which integrins are expected to 
be found in Tardigrada. Since the sequence of the Tardigrada genome is not available, alternatively 
sequences of other organisms both closely and distantly related to Tardigrada can be aligned. 
Different attempts have been made to construct phylogenetic analysis of vertebrate and invertebrate 
α and β integrins by BLAST (Basic Local Alignment Search Tool). Figure 5 is the result of such a 
phylogenetic tree based on BLAST analysis (Hughes, 2001). See also appendix for two more 
recently modulated trees. Though there might be some deviations between the three trees some 
degree of consistence is seen. The deviations are mainly due to different treatment of data 
sequences and obtaining sequences from different sequence data bases and finally different choice 
of organisms aligned. There is consistence in that integrin α subunits are divided into several 
classes the major ones being: PS1, PS2, PS3 and I (inserted) domain. Further more all three trees 
agree that the organisms of focus in our project, as alternative to Tardigrada, being D. melanogaster 
and C. elegans, both posses the RGD binding α subunits that are relatively closely related. These 
are the αPS2 integrins subunit of D. melanogaster and the α1 subunit of C. elegans. Unfortunately 
the homology data from the BLAST searches are not presented in these three articles. But the 
relative recent branching of C. elegans and D. melanogaster α subunit make us draw this 
conclusion.  It is also revealed from the phylogenetic trees that the laminin binding D. melanogaster 
PS1 and C. elegans α1 subunits have a relatively high degree of relationship. This phylogeni 
indicates RGD binding PS2 integrins might be a solution for binding body cavity cells. 
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Conservation of α subunits 
Perhaps even more interesting than the close relationship of D. melanogaster and C. elegans is the 
brought spectrum of analysed animals. In the three articles many of the whole genome sequenced 
animal and some partly sequenced organisms are aligned. It is revealed that organisms having the 
PS2 RGD binding integrins are as diverge as: Sea squirts H. roretzi and C. intestinalis , nematode 
C. elegans, fruit fly D. melanogaster, sea urchins S. purpuratus and L. variegatus, mouse M. 
musculus, human H. sapien, dog C. familiaris, frogs P. waltl and X. laevis, Chick G. gallus, and 
pufferfish T. rubripes (Hughes, 2001; Ewan et al., 2005; Huhtala, 2005). 
This suggests close relationship among α subunits of organisms belonging to phyla as diverge as 
chordate (mouse, human, dog, frog, chicken, and pufferfish), echinodermata (sea urchin and sea 
squirt), arthropoda (fruit fly) and nematode suggests that the protostomian (nematode and 
arthropoda) and deuterostomian (echinodermata and chordate) superphyla had a common ancestor 
that possessed PS2 integrin. It seems that protostomian and deuterostomian diverged prior to 
diverging of αPS2 subunits (Hughes, 2001).     
 
 
 
Figure 5: Phylogenetic tree of  integrins 
The numbers on the branches of the phylogenetic trees indicate the percentage bootstrap support. Bootstrap 
indicates to which certainty that a given branch is placed correctly on the tree. With 100 being an indication of 
absolutely certainty. Considering this it should be noticed that branches of subunits belonging to PS2 is placed 
with some degree of uncertainty. Further more it must be mentioned that a high degree of sequence homology does 
not necessarily result in similar functions of proteins. This fact is not crucial in our case, since assays have 
confirmed that RGD binds to certain integrin subunits mentioned above. 
Phylogenetic analysis has also been made for β subunits. These analyses can be disregarded since α subunits has 
a more important role in RGD binding. 
Picture source: Hughes, 2001 
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Specific homology search 
In order to obtain more specific evidence for conservation of integrin subunits among the 
ecdysozoan (a common ancestor of D. melanogaster, C. elegans and Tardigrada) a Clustal W 
(multiple alignment) was performed on D. melanogaster PS2 α subunits and C. elegans α1 subunit 
against all the available genomes anno 14. December 2005 at the Expacsy genome database. 
(Internet source 4). UniProtKB/Swiss-Prot entries of these two amino acid sequences are 
ITA2_DROME and PAT2_CAEEL for D. melanogaster PS2 α subunit and C. elegans α1 subunit 
respectively. And primary accession numbers are p12080 and p34446 respectively.  
 
Query Anopheles 
Gambiae (mosquito) 
(q7qek5) 
Pseudoplusia 
includens (moth) 
(q86g87) 
Lytechinus variegatus  
(sea urchin) 
(o76378) 
Brachydanio rerio 
(zebrafish) 
(q5i2a9) 
Caenorhabditis 
elegans (nematode) 
(p34446) 
 Ide Pos Gap Ide Pos Gap Ide Pos Gap Ide Pos Gap Ide Pos Gap 
p12080 
D.mela. 
53 67 1 40 58 8 32 50 8 31 49 6 31 48 10 
p34446 
C.ele 
32 49 10 31 50 8 31 48 10 29 47 10 88 88 0 
 
 
 
 
 
 
 
 
 
 
 
 
Of interest is especially the high degree of homology with 53% and 40% between Anopheles 
gambiae (mosquito), the moth Pseudoplusia includens (Soybean looper) and D. melanogaster all 
belonging to the phylum arthropoda. These close relationships strongly suggest a common ancestor 
possessing a common α integrin subunit. On the contrary the homology between C. elegans 
belonging to nematode has lesser homology 32%, 31% and 31% respectively with the three 
arthropods D. melanogaster, A. gambiae and P. includens respectively. But to a lesser extend an 
intergrin relationship between arthropods and nematodes are still suggested.  
Table 1: BLAST search of selected species with high degree of alignment in percent. 
“Ide” is the abbreviation for identities. Identity refers to the degree of homology between the to aligned amino acid 
sequences. “Pos” is an abbreviation for positives and correspond to the percent of aligned amino acids possessing side 
chains with similar properties. “Gap” refers to the percent of amino acids automatically removed during alignment. 
Likewise repetitive sequences have been removed since these tend to vary to a great extent between different members of the 
same specie. 
These automatic deletions are the answer for the 88% alignment between to identical C. elegans integrin subunits. The 
query sequence is automatically modulated but the aligned sequence is not. 
Also included are two randomly chosen organisms. These organisms are Brachydanio rerio a zebrafish and Lytechinus 
variegatus a sea urchin chosen as representatives of the chordates and the echinoderms respectively. These homologies 
between the echinoderms, chordates and nematodes and echinoderms, chordates and arthropods suggests a relationship 
between protostomian and deuterostomian.  
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Components of the basal lamina 
Introduction 
The extra cellular matrix (ECM) of eukaryotes constitutes a vast spectrum of proteins. Among these 
are adhesive molecules which again have a variety of functions. The adhesion molecules fall into 
two major classes, the cell to cell adhesions molecules (CAM’s) and the cell to substrate adhesion 
molecules (SAM’s). Adhesion between two cells of the same type is called homotypic, while 
adhesion between to different cell types is called heterotypic. Similarly, for the SAM´s, adhesion 
between to proteins (adhesion molecules) of same type is called homophilic, while adhesion 
mediated by two different proteins is termed heterophilic (Figure 6). The primary focus of this 
report regards the SAM´s (Edelman and Crossin, 1991). 
 
  
   
 
 
 
 
 
 
 
 
 
 
 
As more adhesion molecules have been discovered it has been revealed that most of the sequences 
coding these molecules seem to be members of large gene families that encode related adhesion 
molecules. Recent studies show that most of these gene families and even the diversity among 
them, seem to descend from action of evolution even before the phylogenetic diverging of the 
arthropods from the chordates (Hortsch and Goodman, 1991). Therefore a strong conservation of 
specific structural motifs and repeatet units are the markers by which different adhesion molecules 
can be identified as members of certain families. 
 
In connective tissues cells are surrounded by the ECM. Besides the proteins the ECM is composed 
of polysaccharides and different cell types such as fibroplasts which secrete different parts of the 
ECM.  All these parts are organized into a network forming the extracellular space. The space 
constitutes a big part of the tissues often taking up more space then the cells as shown in figure 7. 
The ECM stabilizes tissues and regulates the behavior of the cells that are in contact with it 
(Alberts, et al., 2002).  
 
 
 
 
 
 
 
 
Figur 6:  Homophilic binding vs. heterophilic binding. 
Homophilic binding are characterised by being between two 
proteins of the same type. Binding between two different proteins 
is called heterophilic binding.   
Source: Alberts et al., 2002 
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The first part of the ECM is the basal lamina which is shown in figure 7 below the epithelial cells. 
The basal lamina is a flexible layer between 40-120 nm thick and is made up of different proteins. It 
lies beneath the epithelial cells and in other cell types such as fat cells. It surrounds the individual 
cells thereby separating them from the connective tissue (Alberts, et al., 2002).  
 
The basal lamina is mainly synthesized by the cells it surrounds or underlies. The composition of 
the basal lamina varies locally and depending on the tissue it is associated with. Some proteins are 
commonly found in most mature basal lamina. These are collagen type IV, perlecan (a 
proteoglycan), laminin and nidogen (also known as entactin). The four types of proteins and their 
abilities to bind directly to each other are shown in figure 8. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: The connective tissue underlying an epithelial cell sheet. 
The layer of proteins and glycoproteins including those in the basal lamina 
under the epithelial cells is called the basement membrane (Rasmussen, 2001) 
Picture source: Alberts, et al., 2002 (modified) 
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As shown in figure 8B type IV collagen, laminin and perlecan are able to bind directly to 
themselves. Type IV collagens can self assemble into a multilayered flexible network (The part 
shown in red in figure 8).  In in vitro it has been shown that laminin also can self assemble into a 
sheet like collagen (shown in blue in figure 8). Laminin has many functional domains involved in 
the binding to other proteins. One domain binds to perlecan, another to nidogen. Laminin also 
contain domains that bind it to laminin receptor proteins on the surface on cells.  Many of these cell 
surface receptors that recognize laminin and type IV collagens are integrin proteins (Alberts, et al., 
2002). 
Since both nidogen and perlecan are able to bind to both type IV collagen and laminin, it is thought 
that these two proteins binds the type IV collagen network together with the laminin network 
(Alberts, et al., 2002). 
 
 
 
 
 
Figure 8: The molecular structure of a basal lamina 
In (A), the organization of the different proteins making up the basal lamina are shown. In (B) the 
arrows indicate which of the proteins that are able to bind directly to each other. 
Picture source: Alberts, et al., 2002, Based on H. Colognato and P.D. Yurchenco, Dev. Dynamics 218:213 234, 2000. 
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Laminin 
Basic structure 
Laminin is a SAM and a member of the gene family with epidermal growth factor-like (EGF) 
motifs. The characteristics of these members are that they all contain structural domains 
homologous to the vertebrate EGF. A single EGF-like domain is typically 35 to 40 amino acids 
long, and contains a conserved pattern of eight repeated cysteine amino acids. Laminin is 
characterized by being a glycoprotein complex composed the ,  and  polypeptide chains. The 
three chains are coiled and linked together by disulfide bridges (formed by cysteine) to form a large 
cruciform shaped molecule (Figure 9). So far five different α (α1−5), three β( β1−3) and three 
γ(γ1−3) have been identified (Okazaki, et al., 2002). 15 different isoforms have been found, termed 
laminin1 to laminin15 (Fujita, et al., 2005).  The three short arms of the cross have N-terminal 
domains (VI) while the long arm has three C-terminals. At the long arm the  chain extends about 
1000 residues beyond the two other peptide chains and folds into five homologues G modules 
termed G1 to G5 (Eble and Kühn, 1997) . 
 
Laminins are constituents of all basal lamina. In vitro experiments have shown that laminin has a 
Ca2+ dependent ability to self assemble into macromolecular sheet-like networks. This capability is 
due to the intermolecular binding of the three terminal VI domains which makes a quasi-hexagonal 
laminin network. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 9: The glycoprotein complex laminin 
Laminin is composed of 1, 1 and 1 polypeptide chains. These three chains are 
coiled and linked together by disulfide bridges (formed by cysteine) to form a large 
cruciform shaped molecule 
Picture source: Ylva Englund (2005), internet source 5 
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Laminin binding sites 
Vertebrate laminin is a multifunctional molecule, whose different protein domains are able to 
interact with several different molecules including receptors such as integrins, collagen, heparin and 
nidogen thereby promoting functions as cell adhesion, growth, motility, differentiation and neurite 
outgrowth. Although invertebrate laminin is not identical to vertebrate laminin it has been revealed 
that there is homologous sequence alignments to a great extend (Hortsch and Goodman, 1991).   
 
The most numerous represented type of laminin on cell surfaces are laminin-1. Laminin-1 is a part 
of basement membranes, surrounding among others the fat cells and has the composition 
α1, β1 and γ1 (Figure 9) (Nomizu, et al., 1995). Therefore we focus on the laminin-1 isoform. 
 
In the following sections the binding sites in the laminin-1 1 and 1 chains are described. The 1 
chain contains binding sites for other proteins in the basal lamina. This is thought to be less relevant 
for this project and therefore they will be omitted. 
 
Binding sites in α1 and β1 chains of laminin-1 
Various binding sites have been identified on the laminin α1 chain, among them a latent RGD 
sequence (Aumailley, et al., 1990) and an IKVAV sequence (Bushkin-Harav, 1998). The IKVAV 
sequence is situated near the carboxyl-end of the long arm and the RGD is placed at the N-terminal 
side of domain IVa (Figure 10). Both of these sequences have shown to promote cell adhesion and 
migration. Both RGD and IKVAV sequences are ligands for integrins (Aumailley, et al., 1990; 
Kam, et al., 2002), furthermore IKVAV is a ligand for the α3β1 integrin (Caniggia, et al., 1996). 
The IKVAV sequence is present in both mouse and Drosophila. In these organisms IKVAV occur 
embedded in dodecapeptides (12-mer) that have 50% homology between mouse and Drosophila. 
This suggests an evolutionary conservation (Takagi, et al., 2004). Even though we during litterature 
search have not found any evidence for IKVAV being recognition sites for PS1 integrins, this seems 
evident since PS1 is the laminin recognition integrin.    
 
In Drosophila laminin 2 containing a RGD sequence has been identified. This RGD sequence is 
located in domain IVb between the laminin EGF-like repeats (between number 3 and 4) located at 
the N-terminal (Graner, et al., 1998).   
 
Research has revealed that the sequences YIGSR, PDSGR and RYVVLPR noted as F-9, of mouse 
tumor cell β1 subunits, has cell adhesion promoting effects (Figure 10) (Nomizu, et al., 1995). The 
sequence YIGSR from a cysteine rich region in domain III has shown to be an effective peptide for 
cell adhesion, receptor binding and migration (Tashiro, et al., 1989). YIGSR is a recognition site for 
integrins (Kohonen, et al., 1994).  
 
Experiments with in α1 and β1 chains of laminin  
Coating assays with IKVAV of the  chain and YIGSR of the  chain 
In an assay adhesion and spreading of synthetic peptides, YIGSR and peptide containing IKVAV 
(CSRARKQAASIKVAVSADR) was examined for cell adhesion of different cell types (Tashiro, et 
al., 1989). Synthetic peptides were dried onto a plastic surface. Results are shown in table 2 
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The synthetic 19-mer CSRARKQAASIKVAVSADR (PA22-2) listed in the table, were 
demonstrated to have some binding affinity as IKVAV to the cell type PC12 rat pheochromocytoma 
cells and B16-Fl0 mouse melanoma cells. This suggested that the IKVAV sequence was the active 
site in PA22-2 of cell adhesion. Table 2 reveals that PA22-2 in five cases has adhesion score 
comparable to that of laminin. Spreading score were weaker or absent in comparison to laminin. 
The YIGSR sequence generally had weak adhesion ability compared to laminin, except in the cases 
with NG108-15 and Capan-1, were adhesion was strong and absent respectively. Cell spreading on 
YIGSR were absent in all cases. 
 
Coating assay with the active sites of the globular domain in the  chain 
The laminin-1 α1 chain carboxyl terminal globular 
domain (G domain) has multiple biological activities. In 
this assay five peptides adhering different cell types were 
identified, termed AG-10 (SIYITRF), AG-22, AG-
32(IAFQRN), AG-56 and AG-73(LQVQLSIR) in mouse 
(Figure 10).  
 
In the brackets the amino acid sequence is revealed. 
Additionally adhesion assays for Drosophila and human 
revealed that five peptides at similar regions also 
possesed adhesion activity. In this way it was shown that 
human laminin α1 and α2 chain, mouse laminin α2 and  
Drosophila α chain all had sequence homologies in these 
regions. The positive arginine residues in the active 
binding sequences SIYITRF, IAFQRN and LQVQLSIR 
are conserved at the same loci in these three organisms. 
This was also conserved between the different laminin 
α chains of an organism (Nomizu, et al., 1996).  
Adhesion assay were performed with the three cell lines 
of mouse melanoma (B16-F10), human fibrosarcoma 
(HT-1080) and mouse skeletal myoblasts (C2C12). The 
results are seen in table 3 
Table 2: Coating assays with IKVAV of the  chain and YIGSR of the  chain 
A is adhesion, and S is spreading.  
The following score was given:  
++ is adhesion or spreading comparable to that of laminin,  
+ is adhesion or spreading apparent but weaker than on laminin  
- is no adhesion or no spreading. 
 The cell types used are: HT-1080 human fibrosarcoma cells, NG108-15 murine neural-glial hybrid cells, CPAE 
calf pulmonary artery endothelial cells, RD human embryonal rhabdomyosarcoma cells, NRK-49F rat kidney 
fibroblast, PC12 rat pheochromocytoma cells, and Capan-1 human adenocarcinoma cells.  
PA22-2 corresponds to the sequence CSRARKQAASIKVAVSADR.(IKVAV) PA-10 is a mutated sequence 
CSRARKQAASGKVAVSADR were I is substituted for G, used as a negative control. It should be noted that 
greater amounts of synthetic peptides, than of laminin, was required to achieve comparable cell adhesion. 
Source: Tashiro, et al., 1989. 
Figure 10: Laminin binding sites 
Shows the different binding sites, located on the  and 
 chains, found in this assay. 
Picture source: Nomizu, et al.,1996 
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Table 3: Adhesion assay were performed with the three different cell lines.  
AG is mouse laminin α chain, MG is mouse laminin α2 chain and DG is Drosophila α chain. (+++) Corresponds 
to adhesion of natural laminin, (++) corresponds to adhesion apparent but weaker than on laminin-1 (+) 
corresponds to low level of adhesion, and (-) correspinds to absens of adhesion.  
The conserved arginine residues (R) are marked in red. 
Source: Nomizu, et al.,1995 
 
 
 
 
 
 
 
Coating assays were performed using two different methods. The first one implies coating of 
synthetic sequences to plate and the second covalently conjugating of synthetic peptides to 
Sepharose beads.   
The results did reveal that adhesion of Drosophila derived peptide DG-10 had low adhesion to the 
three different cell lines. The DG-22 peptide showed adhesion weaker than laminin to the cell line 
B16-F10. DG-32 showed low adhesion to all cell lines. DG-56 in contrast did not show adhesion 
activity on any of the three cell types. The DG-73 peptide revealed a relative strong adhesion, 
though weaker than natural laminin, in the adhesion assay employing sepharose beads.  
 
In another assay conducted with the synthetic peptides AG and MG, inhibition with integrin 
antibody of cell spreading was examined. It was revealed that integrin antibody α6 and β1 inhibited 
cell spreading on AG-10 coatings, and β1, α2 and α6 integrin antibodies inhibited cell spreading on 
AG-32 peptide, suggesting that integrin α6β1 is receptor for sequences in natural laminin 
corresponding to AG-10 and of AG-32. In contrary AG-22 and AG-56 did not show any inhibition 
and AG-73 showed very low inhibition (Nomizu, et al.,1995). It was later shown that cell spreading 
of AG-10 and MG-10 was inhibited by integrin antibody β1 and weakly inhibited by α3, and α6 
antibody. Again it was shown that cells on AG-73 were not inhibited by β1, α2, α6 and additionally 
α3 antibodies. This suggests that AG-73 sequence is either ligand binding site for integrins others 
than those possessing β1, α2, α3 and α6, or that it is a ligand for a non-integrin receptor (Nomizu, 
et al.,1996).  
 
Conservation of laminin  
Studies have shown a high conservation of  and  subunit sequences between Hydra, Drosophila 
and C. elegans. The 1 chain contains, as mentioned earlier, an EGF-like binding domain of the 
YIGSR sequence commonly seen in vertebrates. BLAST search has shown that the YIGSR 
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sequence in hydra laminin  chain is replaced by a FTGTQ sequence containing the same functions 
(Zhang, et al., 2002). 
By comparing the organization of Hydra laminin  and  chains to the overall structure of all 
laminins characteristics of similarity is seen. Further studies have shown that hydra laminin  chain 
sequence has highest similarity to invertebrate laminin 1 chains. Hydra laminin  chain shows the 
highest sequence similarity to invertebrate laminin 1 chain and a number of vertebrate  chains. 
This is evidence showing that 1 and 1 are conserved through evolution. 
Zhang and colleagues (2002) has shown that the length of the laminin  chain in Hydra is similar in 
size to that of other species. 
Summary 
Assays revealed that synthetic peptides as YIGSR, IKVAV, SIYITRF (AG-10), IAFQRN (AG-32) 
and LQVQLSIR (AG-73) mimicking different binding sites of laminin can be used for coatings. 
Even though inhibition assays with integrin antibodies were not performed on Drosophila DG 
sequences, it might be expected that DG-10 and DG-32 as well would be inhibited when regarding 
the conservation of α laminin chains, revealing that these are integrin ligands. Previously the 
binding affinity in coating assays of RGD has been elucidated (see RGD coating section). IKVAV 
is ligand for α3β1 while SIYITRF and IAFQRN are suggested being ligands for α6β1 integrins. 
These integrins belongs to the PS1 integrin family which we have previously demonstrated to be 
well conserved. This could suggest that body cavity cell might also bind to these sequences via PS1 
ortholog integrins. Also many different cell types did adhere to the IKVAV sequence, which makes 
it even more likely that Tardigrada body cavity cells will adhere to either laminin or this particular 
sequence.    
 
Proteoglycans 
In this section we will first describe the composition of glycosaminoglycans and proteoglycans 
followed by a description of two types of proteoglycans found in Drosophila. This is done to 
identify important binding sites. Based on the conservation of these proteins, they can be related to 
body cavity cells.   
Glycosaminoglycans and proteoglycans 
Glycosaminoglycans (GAG`s) are composed of repeating disaccharide units forming an ubranched 
polysaccharide chain. One of the two sugars making up the disaccharide is an amino sugar (either 
N-acetylglucosamine or N-acetylgalactosamine) while the other usually is an uronic acid. The 
amino sugar is in most cases sulfated (Alberts, et al., 2002).  
The unbranched polysaccharide chain made up by these repeating disaccharide units support the 
connective tissue and take up a big part of the ECM space. In some invertebrates, other types of 
polysaccharides such as chitin frequently dominate the ECM space. The GAG´s are divideded into 
four groups depending on the sugars, the linkage between them, the number and the location of the 
sulfated groups: 1) hylauronan, 2) chondroitin sulfate and dermatan sulfate, 3) heparan sulfate and 
4) keratin sulfate (Alberts, et al., 2002).   
All the GAG´s, except hyaluronan which is the simplest, are attached to proteoglycans. A 
proteoglycan consist of a core protein with polysaccharide side chains such as GAG´s attached to it 
by covalent binding. For the protein to be a proteoglycan at least one of the side chains must be a 
GAG. Proteoglycans have great diversity because of the different combinations of side chains 
(Alberts, et al., 2002). 
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Proteoglycans can be found in the plasma membrane of cells where they function as co receptors in 
the plasma membrane of the cell. Here they interact with cell surface receptor proteins in the 
binding of the cell to the extracellular matrix and in initiating the cells responses to signal proteins 
in the extracellular matrix (Alberts, et al., 2002).  
 
Proteoglycans in Drosophila  
Different types of proteoglycans and proteoglycan-like-glycoproteins have been identified in 
Drosophila. The following two proteins have been identified in the basement membrane of 
Drosophila; perlecan and papilin.  
 
Perlecan  
Perlecan consists of three GAG´s (heparan sulfate) linked to a large core protein. The complete 
sequence of this heparan sulfate proteoglycan has been identified in mice (Noonan, et al., 1991). 
Besides the number of repeats which can vary, D. melanogaster perlecan has a similar domain 
composition compared to the perlecans found in C. elegans and vertebrates (Hynes and Zhao, 
2000). We therefore choose to describe this mouse perlecan. It consists of five domains (Figure 11). 
Domain I has three SGD sequences. These are the likely attachment sites for the GAG´s (heparan 
sulphate). Of the other domains, domain III and V are the most important in relation to this project.   
Domain III is very similar to the short arm of laminin . This domain can be divided into three 
subdomains (Figure 11), each composed of cystenine repeats, a globular domain, and then three 
cystenine rich repeats. The three globular domains are very similar to domain IVa and domain IVb 
of the laminin  chain, and the cysteine rich repeats are similar to the domain III and domain V of 
the laminin  chain. Noteworthy one RGD sequence in this domain has been identified and is 
located in the second globular domain. Domain V contains three globular domains. Each of these 
domains are similar to the repeats found in domain G of the laminin  chain. Laminin  contains 
five of these repeats. However perlecan differs from laminin because there are two EGF-like 
(epidermal growth factor) repeats after the first and second globular domain (four in all) (Noonan, 
et al., 1991). 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
The sequence of domain V in perlecan has been identified in D. melanogaster. The sequence of this 
domain in D. melanogaster was 33% identical to the sequence of the same domain in mouse 
(Friedrich, et al., 2000). Although Hynes and Zhao (2000) describes a similar domain composition 
between D. melanogaster, C. elegans and vertebrates, Scneider and Baumgartner (unpublished data 
cited in Friedrich, 2000) describes that domain I seems to be replaced by an extended domain II in 
D. melanogaster. Because the data of this observation is unpublished we focus on the similarities 
described by Hynes and Zhao (2000). The RGD sequence found in D. melanogaster domain V has 
Figure 11: A model of perlecan 
Perlecan has five domains. In both domain III and V, 
 RGD sequences have been found. (HS = heparan sulphate)   
Picture source: Noonan et al., 1991 (modified)  
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not been conserved in mouse perlecan domain V trough evolution, but the RGD sequence in domain 
III of mouse perlecan is found in domain III of D. melanogaster (Friedrich, et al., 2000).  
 
When analysing the binding properties of domain V from D. melanogaster perlecan it had moderate 
affinity for sulfatides. It did not interact with nidogen-1, laminin-1-nidogen, fibulin-2 and 
fibronectin of either mouse or human origin. Also it did not bind to -dystroglycans from chick 
embryos (Friedrich et al., 2000). It was able to bind weakly to heparin. Purified human v3 
integrins normally binds to the RGD sequences of vitronectin and fibronectin. This binding to the 
RGD sequence of D. melanogaster perlecan was not observed (Friedrich et al., 2000).  
 
Papilin  
Papilin is a proteoglycan-like glycoprotein found in Drosophila. It has O-linked sulphated GAG´s 
attached to it and is found in basement membranes (Campbell et al., 1987). In Drosophila it is found 
all the way through development and it is strongly synthesized in postembryonic fatbodies. The 
sequence of Drosophila papilin can be divided into 6 different regions. The fifth and most 
noteworthy region contains a RGD motif. Integrin PS2 of Drosophila binds to ligands containing 
this RGD sequence (Kramerova, et al., 2000).  
The binding role of papilin was examined. This was done by isolating different cells from 
Drosophila which where transfected to overexpress PS2 integrins and their ability to spread on 
papilin was observed. The cells did not spread. Also the normal interaction of these cells with 
laminin did not change by adding papilin. These results suggest that cell adhesion is not the primary 
function of papilin.  
Although related papilin exist in both mammalia and invertebrates they are not identical but rather 
contain some similarities. One of these similarities is the order of 5 of the 6 mentioned regions in 
Drosophila. The order of the regions from the amino terminal to the carboxyl terminal is always the 
same while the number of domains in the different regions may vary (Kramerova, et al., 2000).  
 
Summary 
In Drosophila basement membranes papilin and domain V of perlecan have been identified. Domain 
V of D. melanogaster perlecan showed to be 33% identical to mouse domain V. Like type IV 
collagen, nidogen, and laminin, perlecan is conserved. Because of the conservation of this molecule 
trough evolution (Hynes and Zhao, 2000), there is a possibility that it could be identified in 
Tardigrada. In vertebrates and invertebrates papilin have been identified with some similarities, 
again suggesting that it has stayed the same trough evolution. The experiments with the binding of 
papilin suggested that binding was not the primary role of papilin in Drosophila. The same was the 
case with perlecan domain V. Whether the other domains of perlecan have a binding ability is not 
certain but the RGD sequence in domain III may show binding to integrins.  
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Figure 12: Structure of collagen IV 
 Triple helix structure of collagen IV. X 
and y corresponds to proline and 4-
hydroxyproline respectively   
Picture source: Nelson and Cox, 2005 
Collagen 
Introduction 
Collagen belongs to the largest protein family known, and forms 19 different types by 32 different 
subunit α chains (Eble and Kühn, 1997). Collagens are the most abundant proteins in mammals, 
here constituting about 25% of the protein mass (Albert, et al., 2002). Mostly collagens form fibrils 
which are fairly rigid and therefore provide tensile strength for tendons, cartilage and the organic 
matrix of bones. Furthermore they are found in the cornea, in skin and more importantly in the basal 
lamina of different cell types.  
 
Basic structure  
A characteristic feature of collagens are that they consist 
mostly of glycine, proline, 4-hydroxyproline, alanine and 
have a repetitive sequence of three amino acids, gly-x-y. The 
x of this tripeptide sequence would commonly be proline and 
y would commonly be 4-hydroxyproline, thereby making op 
the sequence gly-pro-hyp. The secondary structure of this 
tripeptide forms the α chain where each tripeptide accounts 
for a left-handed helix turn. α chains are termed according to 
which collagen they constitute and according to their order of 
discovery. Collagen IV has α chains: α1(IV), α2(IV) α3(IV) 
etc. Formation of a collagen molecule requires assembly and 
right-handed coiling of three α chains, in an order so that the 
glycine amino acid of all three chains face the middle of the 
molecule. In this way the superhelix - also termed triple helix 
- collagen molecule becomes very densely packet which 
explains its very tensile nature (Nelson and Cox, 2005) 
(Figure 12). In assembly of collagen an N-terminal (amino-
terminal) in respect to a C-terminal (carboxyl-terminal) will 
be situated at each end.   
 
Distinct collagen features 
The distinct feature of different collagen types are partly owed to interruptions of the tripeptide 
sequence. These interruptions might be substituting a glycine residue for an alternative amino acid 
with a larger side chain and thereby conferring more flexibility to the collagen. The frequency of 
these interruptions may vary from collagen to collagen. The length of the interruptions may vary 
from one to more than twenty amino acid residues. Also present in most collagens are globular 
domains. Globular domains are often fund at the terminus of the collagen molecules and may be 
composed of non-collagenous proteins (Eble and Kühn, 1997).     
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Four types of collagens  
Here we present four types of collagen: 
 
1) fibrillar collagen 
In fibrillar collagens cross-links are made between aligned collagen superhelixes by substitution of 
residues at the x and y positions. In this way some prolines and some 4-hydroxyprolines may be 
substituted with histidine, lysine or 5-hydroxylysine. With the three latter residues forming covalent 
bonds with one another (Nelson and Cox, 2005). Other cross-links may occur when lysine or 5-
hydroxylysine becomes oxidized to form lysylaldehydes by the action of lysyloxidase. 
Lysylaldehyde might then bind with lysyl or hydroxylysine to form aldimine bonds (Eble and 
Kühn, 1997). Collagen fibrils often assembly into even larger structures called fibers. The fibrillar 
collagen types I, II, III, V, and XI is the bulk composite of connective tissues.  
 
2) Fibril associated collagens 
These are collagens that does not assemble spontaneously but 
instead bind to the surface of collagen fibrils formed by 
collagen I and II. In this manner collagen IX bind to collagen 
II by covalent aldimine bonds (Figure 13). It is thought that 
collagen XII and XIV binds to collagen I fibrils in the same 
way (Eble and Kühn, 1997). Fibril associated collagens are 
predicted to function in linking of different fibrils and in 
linking fibrils with other molecules of the ECM (Albert, et 
al., 2002). Furthermore these collagens interact with 
proteoglycans by a TN (thrombospondin N-terminal) modul 
situated at the C-terminal.  
 
3) Anchoring fibrils 
Collagen VII forms short dimer filaments. The function of 
these dimers is to attach the basal lamina of multilayered epithelia to underlying connective tissues 
(Albert, et al., 2002). 
 
4) Network-forming collagens 
The collagen types IV, VIII and X accounts for the forming of collagen networks.  
Collagen type IV is present in most basal lamina and has the chain types 1(IV) to 6(IV), which 
forms three isoforms. The most bulky represented isoform is made of two  1(IV) and one  2(IV). 
The collagen networks are formed by collagenic intermolecular binding at like ends of both N –and 
C-terminals (Figure 14). In this way four  chains of four different collagens makes lysine derived 
aldimine bonds and disulfide bonds at sites near the N-terminals (Figure 14 (A)). Likewise three 
globular domains at the C-terminus of one collagen make disulfide bonds with three globular 
domains of another collagen molecule (Figure 14 (B)). These six binded globular NC1 
(noncollagenous1) domains constitute a hexameric complex. Besides bonding at like ends network 
forming collagens intertwine thereby forming triple helices (Figure 14 (C)) (Eble and Kühn, 1997).    
Because collagen IV is the one found in basal lamina it has relevance for this revue. 
 
 
 
 
 
Figure 13: Nonfibrillar collagens 
Binding of fibril associated collagens to 
fibrillar collagen. Fibril associated 
collagens being the minor ones 
Picture source: Albert, et al., 2002 
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Figure 14 Collagen network 
A) Binding of N-terminal like ends 
B) Binding of C-terminal like ends 
C) Overview of collagen IV network 
Picture source: Eble & Kühn, 1997 (modified) 
 
Collagen IV bindingsites 
As mentioned earlier collagens composing basal 
lamina – especially collagen type IV – is in our 
interest. In order to chemically bind the basal 
lamina to a selected substrate it is necessary to 
have knowledge of the collagen binding sites.  
 
Integrin bindingsites  
For the cell to fixate the lamina to its surface it 
applies bindings between integrins and collagen 
IV. High affinity recognition sites for integrin 
receptors α1β1 and α2β1 has been found at a 
collagen IV region termed CB3 [IV] (figure 14 
(B)). CB3 [IV] is localized 100 nm away from 
the collagen N-terminus as seen in figure 14 (A). 
Experiments have revealed that the α1β1  
recognition site is constituted by three amino 
acids found to be arginine, R-461 of α2(IV) chain 
and aspartate, D-461 of the two α1(ΙV) chains. 
With the numbers referring to the amino acid 
position starting with the first amino acid located 
at the N-terminus. The α1β1 recognition site is 
stabilized by disulfide bindings between cysteine 
residues (C) on both sides of the recognition site. 
This makes the recognition site thermo resistant 
with a denaturation temperature of 50°C. Exactly 
how the integrins binds to this recognition site at 
the molecular level is still not unveiled (Eble and 
Kühn, 1997).  
 
The α2β1 recognition sites are flanking the 
α1β1  recognition site as shown in figure 15. This 
figure gives a more detailed picture of the α 
chain compositions. Both α2β1 recognition sites 
contain the amino acids arginine, glycine and 
aspartate in sequences GDR and GRD figure 15. 
These sequences were thought to have function 
like RGD sequences. But meantime experiments 
reveals that the GDR and GRD sequence alone 
does not account for the binding. It was shown 
that synthetically made triple helical heteromeric 
peptides containing either GDR or GRD and 
surrounded by gly-pro-hyp sequences did not inhibit 
the interaction of integrin α2β1 with the CB3 [IV] 
recognition site (Eble and Kühn, 1997).     
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Drosophila fat body collagen 
D. melanogaster has several genes coding for different collagens (Hortsch, et al., 1991). Among 
them are DCg1 (Drosophila coding gene 1) and DCg2 (Drosophila coding gene 2), which are both 
coding for network-forming collagen IV. DCg1 has found to be present in Drosophila mesodermal 
derived fat body. DCg1 transcripts are found already in early stage 15 of Drosophila embryonic 
development and play a role in fat-cell metabolism and differentiation (Hoshizaki, et al., 1994). It 
has been shown that the noncollagenous globular NC1 domain at the C-terminal region of 
Drosophila has 59% amino acid homology with the corresponding site of invertebrates (Hortsch, et 
al., 1991).  
 
Coating assays with type IV collagen 
The following assay regards attachment of cells to basement membrane collagen type IV 
(Aumailley and Timpl, 1986). This coating assay involved binding of different cell types to a 
surface coated with collagen IV. Also the experiment was performed by adding soluble laminin to 
the collagen coating, in order to establish the effects of these proteins on the binding of cells to 
collagen. Coating experiments were performed where 10 different cell types were adhered to either 
laminin, collagen IV, or collagen IV with laminin in solution. Some cell types did bind to both 
laminin and collagen, but the presence of both proteins did not increase the percentage of attached 
cells. The adhesion reaction was not inhibited by adding either laminin antibodies or cycloheximide 
which inhibits laminin binding to the cells, thereby proving that these cells prefer direct binding to 
collagen. The experiment shows that cells belonging to this group are able to bind directly to 
collagen. Other cell types needed laminin as a cross link to collagen IV.   
 
Summary 
Of the described collagen types, the one found in the basal lamina, namely type IV, will be of 
primary focus. For this type of collagen, two binding sites for the 21 integrins and one binding site 
for the 11 integrins have been identified in humans. They are located in the CB3[IV] region of 
Figure 15: Representation of collagen IV α1 and α2 
subunits containing integrin binding sequences 
Picture source: Eble and Kühn, 1997 
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collagen. Since the two α2β1 recognition sites in collagen contains RGD-like sequences (GDR and 
GRD), it is possible that the PS2 integrins of Drosophila recognize collagen IV.  
The non collagen NC1 domain has shown a high degree of conservation among invertebrates. This 
indicates a very early common genetic heritage, and that Tardigrada body cavity cell might also 
possess collagen IV. Previously coating assays have shown that it is possibly to coat with collagen 
IV, and that some cells bind directly to collagen, while other types need laminin as cross link.  
 
Nidogen 
Nidogen/entactin is a ubiquitous basement membrane protein of embryonic and adult tissue, where 
it is mostly found in association with laminin. Sequence analysis of the mouse and human cDNA 
demonstrated that the proteins are identical (Eble and Kühn, 1997). 
Nidogen 1 and 2 are large glycoproteins. Nidogen 1 (150 kDa) is found in all basement membranes, 
but nidogen 2 (200 kDa) is more uncommon and only found in trace amounts in basement 
membranes of skeletal and cardiac muscles (Bader, et al., 2005). Nidogen consists of three 
globules,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
G1 to G3 figure 16, located at the ends and in a central position. G1 – G3 are separated from each 
other by either a stiff rod (G2, G3) or a flexible segment (G1, G2) (Mayer, et al., 1993). No 
function has yet been assigned to Nidogen G1 (Hopf, et al., 2001). Site mutagenesis has shown that 
Nidogen residues are involved in the binding of perlecan, which binds to G2 (Kvansakul, et al., 
2001). Nidogen has a high affinity for binding laminin to its C-terminal globular domain G3 
(Mayer, et al., 1993) and collagen IV with lesser affinity to G2. Because of Nidogens ability to 
interact specifically with laminin, collagen IV and the core protein of perlecan, it is believed to have 
an important role in the supramolecular assembly of basement membrane (Eble and Kühn, 1997; 
Murshed, et al., 2000). It is believed that the ability to bridge laminin to type IV collagen by 
interacting with the collegenus domain, and by anchoring a variety of components, provides 
structural stability to the basal membrane (Yurchenco and O’Rear, 1994).  
 
An alignment of all available nidogen G2 sequences show that the sequence identities to mouse 
nidogen-1 range from ~30 % (C. elegans and Drosophila nidogens) to 50 % (mouse and human 
nidogen-2) and 90 % (human nidogen-1) (Hopf, et al., 2001). 
Figure 16: General structure of Nidogen.  
Nidogen consists of three globules designated G1, G2 and G3, they are hold 
together by EGF-like motifs. Globules G2 and G3 binds to specific proteins.  
Picture source: Illustration based on figure in Eble and Kühn, 1997 
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Other important molecules 
Fibronectin 
Fibronectin is a large noncollagen glycoprotein in the extracellular matrix. Its function is both to 
give structure to the ECM and to bind the surface of cells to the ECM. Fibronectins are dimers 
consisting of two large subunits bound together at the C end with disulphide bindings (Horton, 
1996). All fibronectins are encoded by one gene consisting of 50 segments (exons) with a sequence 
of nucleotides that encode the amino acids in the fibronectin. When this gene is transcribed one 
long RNA molecule is formed. The RNA molecule is cut different places and the pieces then form 
the different isoforms of fibronectins (Horton, 1996). Each of the two subunits consists of 
approximately 2500 aminoacids and has different domains bound together with flexible polypeptide 
bindings. The two subunits consist of pieces from different cuts of the same large RNA molecule 
and are therefore similar but not identical (Alberts, et al., 2002). There are five or six domains in 
each subunit each binding receptors in the surfaces of different cells or to different molecules in the 
ECM. The domains consist of smaller serially repeated units of structure called modules. The type 
III fibronectin is the main type of modul in fibronectins. It binds to integrins and is approximately 
90 amino acids long. In type III fibronectin the RGD sequence has been identified (Alberts, et al., 
2002). Some of the domains such as domain 3 (Fn 3) have been identified in Drosophila while 
others are missing. However the complete Fibronectin protein is not found in either Drosophila or 
Nematodes (and thereby C. elegans). This also applies for many other vertebrate proteins in 
Drosophila (Hynes and Zhao, 2000). Many of the different genes lacking are involved in the 
development of blood vessels in Vertebrates, which explains why these genes are absent in 
invertebrates (Hynes and Zhao, 2000). Therefore we find it unlikely to find any of these 
glycoproteins in Tardigrada. 
 
Carbohydrate 
Carbohydrates would be an obvious choice as a coating medium for cell adhesion because fat cells 
have high affinity for these. In the basal lamina a high density of carbohydrate receptors are located. 
The reason for this high density of receptors is that fat cells require carbohydrates in order to 
conserve energy for use in the future. Because carbohydrates are used as one of the cells energy 
sources, coating with carbohydrates could very easily be one for the simplest ways for adhering a 
cell to a surface. We recommend that looking into coating a medium with carbohydrates for cell 
adhesion would be an obvious approach. It should be noted that carbohydrates can interact with 
other carbohydrates as well as lectins (Poirier and Kimber, 1997).  
 
Lectin 
Cell surface lectin-carbohydrate interactions serve as attachment points for cells as well as viruses. 
These interactions in some cases bind particular glycoproteins whereas in other cases the 
carbohydrates of cell surface glycoproteins serve as sites of attachment for biologically active 
molecules that consist of lectins (Sharon and Lis, 2004). lectin-carbohydrate binding is often 
specified to a single protein module designated carbohydrate-recognition domain (CRD) (Dodd and 
Drickamer, 2001).  
Because of lectins ability to bind to several specific proteins, lectin should not be disregarded as a 
coating medium. 
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Dystrophin complex 
Dystroglycan is a transmembranelle protein that has the same function as integrins regarding cell 
attachment. It interacts with proteins in the cytosol, forming a complex known as the dystrophin 
complex (DC). Dystroglycan binds to ligands such as laminin, agrin, and perlecan (Deng, et al., 
2003), all parts of the ECM.  The complete DC thereby links the actin filaments of the cell to the 
ECM (Greener and Roberts, 2000). The components of the DC include dystrophins, dystrobrevins, 
sarcoglycans, syntrophin, sarcospan and finally dystroglycan (figure 17). In humans some of the 
mentioned components have homologous making up 17 different components in all. In Drosophila 
sarcospan has not been conserved. The other five components have been identified, but the diversity 
is not that good because of fewer homologous (8 components in all) (Greener and Roberts, 2000). 
Almost all of the components are found in both humans and Drosophila, and the domains 
interacting between the different components are highly conserved. Therefore it seems that the DC 
has the same fundamental importance in humans and flies (Greener and Roberts, 2000).  Based on 
the similarities of these two very different groups, we find it likely that the DC is also found in 
Tardigrada. For further studies regarding the fixation of body cavity cells, it would be relevant to 
investigate this complex.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: Dystrophin Complex (DC) 
The components of the DC include dystrophins, dystrobrevins, 
sarcoglycans, syntrophin, sarcospan and dystroglycan 
Picture source: Internet source 6 
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Method of basic cell adhesion 
The binding of adhesion receptors in a cell surface to proteins in the ECM, glycoprotein or 
proteoglyans is called cell-substrate adhesion and require Ca2+, Mg2+ or Mn2+. In order to fixate 
cells, preparation of the cells and an adhesion assay is necessary (Stevenson, W. J. 1992). 
 
When preparating cells for adhesion it is important that the proteins in the cell surface that mediates 
adhesion are preserved. Cells from embryonic tissues are often used because they are easier to 
release from the tissue. A standard method is to dissect embryonic tissue in a serum free medium 
and release cells from the tissue with trypsin in EDTA. It may be necessary to add Ca2+ to preserve 
the structural integrity and function of the adhesion molecules (Stevenson, W. J. 1992).  
 
There are two types of adhesion assays; aggregation assays and binding assays. In an aggregation 
assay particles such as cells or plasma membranes fragments of uniform size, cluster together and 
form larger aggregates. Aggregation is measured with particle counting microscopy. A binding 
assay is an adhesion assay in which small particles bind to larger particles or to a surface, the small 
unbound particles can be removed for example by gently washing or centrifugation. Binding assays 
are the standard assay for cell-substrate adhesion. The binding can be quantified using microscopy 
or counting radioactivity. In cell-substrate binding assays, the cells bind to a surface coated with 
proteins from the ECM. The assays used for cell-substrate adhesion are among other molecules 
coated flat bottomed or U shaped microtitre wells (Stevenson, W. J. 1992). 
 
Antibodies 
Most types of cells are able to adhere directly to a plastic or a glass surface. Cells that are not 
capable of this require a coated surface in order to adhere. For the determination which molecules 
adhere to a surface, there are different methods for specific adhesion (Horton, M. A., 1996) 
  
In antibody inhibition, antibodies for specific molecules are added to the experiment.  
Cell-surface molecules are cell adhesion molecules that mediate the adhesion of one cell type to 
another. In order to localize and determine a specific adhesion molecule in a cell, antibodies are 
used against the adhesion molecule. The antibodies can be produced by immunization of a mammal 
in for example a rabbit, by injecting antigen into the animal. The animal will then develop an 
immune response and produce antibody. It is important to obtain as great diversity in the antibodies 
as possible to identify the cell adhesion molecules (Stevenson, W. J. 1992). 
 
In order to use a variety of functional assays polyclonal antibodies can be used. Polyclonal 
antibodies are samples that contain a mixture of antibodies active against a specific antigen, each of 
these antibodies recognize a specific region of the antigen. When adhesion receptors of the cell 
adhesive molecules are bound to the immobilized antibodies they can inhibit or enhance the cells 
ability to bind these specific antibodies. The antibody inhibition method is difficult to use if the 
adhesion molecules are unknown (Horton, M. A., 1996). 
 
For specific peptide and oligosaccaride inhibition, peptides and oligosaccerides from a specific 
adhesion molecule are synthesized or isolated from the molecules digest. If these fragments of the 
adhesion molecule function as inhibitors, it indicates that they are part of the active adhesion site 
and that the molecules they were derived from are a part of the adhesion system (Stevenson, W. J. 
1992). 
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Adhesion molecules can be purified under non denaturating condition so that their specificity and 
adhesive function is conserved. Furthermore denatured collagens form good substrates for cell 
adhesion, with the exception of collagen IV: Collagens uncovers new RGD dependent binding sites 
when they are denaturated. ECM proteins can be difficult to purify because they occur in low 
concentrations, they have limited solubility making them difficult to extract. It can be necessary to 
block a surface so molecules only adhere at specific sites. This can be done by treating the surface 
with bovine serum albumin (BSA) (Horton, M. A., 1996). 
 
In the literature it has only been possible to find few experiments were surfaces have been coated 
with basement membrane molecules from Drosophila. Therefore we focus on experiments in which 
adhesion assays have been prepared with components also present in Drosophila basement 
membrane. Drosophila primary embryo cells were added to a substrate of laminin and absorbed as a 
layer on a glass cover slip. Biologically active laminin peptide from Drosophila was used. The glass 
cover slip was coated with laminin by layering a solution of 50 mg of peptide and 25 mg of BSA 
dissolved in Milli-Q water. The solution was coated onto a glass cover slip and dried overnight. A 
suspension of cells was then added (Takagi, et al., 2004; Nomizu, et al., 1996). 
 
Several cell adhesion receptors are able to bind to the RGD sequences. The matrix molecules 
containing RGD are among other fibronectin, vitronectin, fibronogen, collagen, laminin and 
perlecan. Therefore RGD sequences are an effective ligand for cell adhesion. For non-specific cell 
adhesion RGD may be a good ligand because it addresses multiple cell receptors (Hershel and 
Kessler, 2003). 
 
RGD motif coating 
Introduction 
In an attempt to adhere body cavity cells with an unknown surface structure to an artificial 
substrate, it seems reasonable to carry out such assays with use of frequent occurring RGD motif. 
The integrins being heterodimeric ECM receptors have been found in organisms ranging from 
sponges, corals, nematodes and echinoderms to mammals (Burke, 1999). This high degree of 
conservation suggests that these adhesion molecules arose in early metazoan evolution. Furthermore 
it seems evident that these early metazoan evolved two kinds of integrins namely the laminin-
specific and the RGD specific both of which have been preserved ever since (Hynes and Zhao, 
2000). Body cavity cells might possess these integrins and will therefore potentially adhere to 
synthetic RGD sequences.    
 
Previously and present coating assays 
This section will regard RGD coating assays with vertebrate cells, since no assays have been found 
concerning adhesion of invertebrate cells. Previously and ongoing research seem to be mainly 
concerning neurons, fibroblasts, cancer cell, mesenchymal stem cells and osteoblasts of the two 
vertebrates human and mice. Great efforts have been made to improve implant integration onto 
osseous tissues mediated by RGD coated implants. This implies binding of RGD coated materials to 
integrin receptors of osteoblasts and thereby promoting improved healing of fractured bones. In the 
following two priorerly executed assays utilizing RGD coatings will be described. These were 
selected upon two criterias being: relative high degree of adhesion succession and usage of 
relatively simple technical methodes.  
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The first study is concerning titanium implant materials with improved biocompatibility through 
coating with phosphonate-anchored cyclic RGD peptides (Auernheimer, et al., 2005). Titanium 
implants were coated with tailor-made cyclic-RGD peptides with the general structure cyclo(-
RGDfk-) where f and k corresponds to phenylanine and lysine residues respectively . These 
residues functiones as a linkers linking an anchor of four phosphonopropionic acids to the cyclic-
RGD peptide mediated by a spacer region of aminohexanoic acid and a branch of three lysine 
residues (figure 18). Cyclic -RGDfk- peptide has been shown to bind specifically to αvβ3 and αvβ5 
integrins (Pfaff, et al., 1994) which are known to be expressed MC3T3 osteblasts. The spacer 
region provided distance between the RGD tripeptide and the titanium discs surface during integrin 
recognition thereby mimicing natural loop mediated RGD recognition. The anchor was shown to 
successively bind TiO2 (titanium oxide) discs.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The adhesion of mouse osteoblasts (MC3T3-E1) and fibroblasts (NIH/3T3) were assessed for 
different peptide concentrations in the coating solution. RDG (note shifting of D and G) coated 
discs were used as negative control. Another control mediated by incubating the cells with soluble 
cyclo(-RGDfV-) peptides, which has a slightly greater affinity for αvβ3 than cyclo(-RGDfv-), 
thereby inhibiting integrin receptors from binding to the RGD coated surface (figure 19).   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Cyclic-RGD peptide with phosphonic acid anchors.  
The anchor mediates immobolization of –RGDfk- peptide to a titanium surface.  
Picture source: Auernheimer, et al., 2005. (modified) 
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Data revealed that cell adhesion could be enhanced from 16% on uncoated titanium discs to 62% on 
coated discs with 10µM RGD peptide concentration. Higher peptide concentrations did not provide 
significant higher cell adhesion percentages. The relative low binding percentages of cyclo(-
RDGfk-) (note shifting of D and G) peptides demonstrated that enhanced cell adhesion was due to 
cyclo(-RGDfk-) integrin binding specificity. Inhibition of soluble RGD peptide confirmed 
specificity by lowering adhesion from 62% to 34% (Auernheimer, et al., 2005).  
 
The second study concerns adhesion assays of artificial ECM proteins containing long repetitive 
RGD sequences adhering to three different cell lines, fibroblasts NIH3T3, HeLa cancer cell and 
neuronal PC12 cells (Kurihara and Nagamune, 2005). RGD proteins were obtained with microbial 
overexpression of recombinant plasmids in transformated E. coli bacteria’s. RGD sequences of 
three different lengths were obtained utilizing overlap PCR on synthetic double CGT GGC GAC 
repeats ultimately producing 2, 21 and 43 RGD repeats (RGD2, RGD21, RGD43). Polysterene 
plates were coated with different concentrations of the three repeated RGD proteins and adhered to 
the respective cell lines for three hours. Coating with natural fibronectin and laminin were used as 
positive controls and uncoated glass slides used as negative control.  
 
 
 
 
 
 
 
 
 
Figure 19: Cell adhesion to a surface coated with different peptides. 
Percentage adhesion of: osteoblasts on cyclo(-RGDfk-), osteoblasts on cyclo(-RDGfk-), osteoblasts 
inhibitet by cyclo(-RGDfv-) and afterwards coated on cyclo(-RGDfk-), and fibroblasts on cyclo(-
RGDfk-). Peptide concentration of 0 reflects adhesion of cells to uncoated titanium surface. 
Picture source: Auernheimer, et al., 2005 
  
 
Page 39 of 51 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The relative amount of absorbed artificial protein to polysterene plates were approximately 4 fold 
for RGD43 compared to RGD21 and RGD2 when protein solution concentration were from 10-
50µg/ml. The difference in absorption attended to be lesser at smaller protein concentrations. 
Furthermore the numbers of RGD sequences in the mass unit of RGD43 was 11-fold compared to 
RGD2. And RGD21 sequences in mass unit was 7,4-fold higher than in RGD2. Consequently the 
total amount of RGD existing on the RGD43 coated plate was approximately 44-fold higher than 
that of RGD2. Likewise the number of RGD sequences in RGD43 was about 366-fold higher than 
that in fibronectin at the same protein weight. This fact could be the explanation to the observed 
higher adhesion to RGD43 coated plates (Kurihara and Nagamune, 2005).  
However not all RGD sequences in RGD43 have the ability to act as ligands since long repeats of 
RGD tend to self assemble forming branched 3D networking structures (Kurihara, et al., 2004). It is 
suggested that these disordered structures of long RGD repeats is by chance mimicking the loops of 
fibronectin, and that this might be the explanation for the relatively higher adhesion to RGD43 than 
to both laminin and fibronectin respectively (Kurihara, et al., 2004). With certainty it can be 
concluded that long RGD repeats for some reason are effective ligands in cell adhesion assays.        
 
 
 
 
 
Figure 20: Relative adhesion of neuronal cells 
Relative adhesion of neuronal cells adhering to polysterene plates coated with: RGD43 artificial protein, 
RGD21 artificial protein, RGD2 artificial protein, laminin and fibronectin. Adhesion to non-coated plates 
are referet to as blanks. Adhesion percentages are relative to fibronectin adhesion.    
Results of adhesion of fibroblasts and cancer cells are omitted since that revealed the same tendensies. 
Picture source: Kurihara, et al., 2005 (modified) 
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Discussion 
We choose to look at D. melanogaster fat body cells as a model for the body cavity cells of 
Tardigrada, because it is the most well described organism with the entire genome sequenced, 
closest related to Tardigrada. The phyla Tardigrada and Arthropoda, with Drosophila belonging to 
the latter, are both found in Ecdysozoa further supporting our choice. The body cavity cells of 
Tardigrada are compared to the fat body of D. melanogaster because of their similar traits regarding 
storage and immune response. In D. melanogaster we look at the adhesion of integrins and the 
different proteins found in the basal lamina, because it surrounds the fat body cells. This is done to 
gain insight in how to adhere body cavity cells from Tardigrada to a coated medium, in order to 
conduct an AFM scan. 
 
Fibronectin, a ligand for integrins, is believed to be an important component in formation of blood 
vessels. Because invertebrates have open circulation, they do not have blood vessels and thereby the 
need for this and other proteins having essential functions in vertebrates. It seems reasonable to 
assume that Tardigrada lacks fibronectin, since D. melanogaster and C. elegans, both being 
invertebrates, do not have this protein.     
 
Since every integrin is linked to actin filaments, focal adhesions will result in a change in the shape 
of the cell. Body cavity cells have shown irregular edges, when it comes in contact with the 
epidermis, indicating the presence of integrins. Because the adhesion to the basal lamina is only 
temporarily, it could indicate a low number of integrins, resulting in a weak binding to the surface. 
This temporary adhesion has shown to change the shape of the body cavity cells, which should be 
taken into account, but as mentioned earlier conformation changes are not regarded in this review. 
Of the different integrins found in D. melanogaster it is known that PS1 and PS2 are specific for 
laminin and RGD (in tiggrin) respectively. In regard to the conservation of integrins, both PS1 and 
PS2 orthologs are found in C. elegans and vertebrates, indicating the possibility of finding these in 
Tardigrada. Although little is known about the PS3 integrin it is thought to have laminin as its 
ligand. Both the PS4 and PS5 integrin was only recently identified, so very little is known about 
their ligand binding properties. It is believed though that they are involved in cell-cell adhesion, and 
therefore we choose to disregard them. 
     
As described earlier the epidermal, epithelial, muscular, and nervous tissues form a basement 
membrane on the tissue surface making contact with the body cavity. In regard to the surface 
proteins found on the body cavity cells we suggest two hypothesis´: 
  
• Cell adhesion is mediated by basal lamina binding to basement membrane  
The adhesion of the body cavity cells to this basement membrane could be due to the 
presence of a basal lamina surrounding the body cavity cells. The binding could therefore be 
mediated by the same type of proteins such as collagen or laminin, both known to self 
assemble into sheets in the basal lamina.  
 
• Cell adhesion is mediated by integrin binding to ligands in the basement membrane. 
The adhesion of the body cavity cells could also be mediated by integrins found on the 
surface of these cells. Binding to the basement membrane in the body cavity explains the 
irregular shape of the cells when binding. Also the body cavity cells have been shown to 
form pseudopodia, making it unlikely that a basal lamina should surround the cells.  
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We find the second hypothesis most likely. Because this hypothesis states that integrins are present 
on the cell surface of body cavity cells, and because of the conservation of PS1 and PS2 integrins it 
would seem obvious to use the ligands of these integrins as coating medium.  
 
The RGD sequence is the recognition sequence for PS2 in the ligand tiggrin. The RGD sequence is 
not only found in tiggrin but also in a lot of other proteins including laminin, perlecan and collagen. 
Some of these proteins do not function as ligands for the integrins, because of a non-functional 
RGD sequence, while others do, making them a potential coating medium. Regarding the 
conservation of RGD, these are found in many different organisms, including vertebrates, 
invertebrates, and most noteworthy hydra being a very primitive cellular organism. This high 
degree of conservation is a strong indication of its presence in Tardigrada, and thereby a strong 
indication of an ortholog of PS2 in Tardigrada.  
 
The four most common proteins in the basal lamina are laminin, perlecan, nidogen and collagen IV. 
All these complex proteins have, to some degree, been conserved trough evolution. The different 
domains of nidogen and perlecan in D. melanogaster are also found in C. elegans and vertebrates, 
but the repeats in the different domains can vary (Hynes and Zhao, 2000). Furthermore papilin has 
also been identified in Drosophila, and it seems that this protein has been conserved. Therefore it is 
likely that similar proteins can be found in Tardigrada. The functions of these complex proteins 
vary depending on the organism in which they are located.  
 
For Drosophila laminin-1 several cell binding sites have been identified in the  and  chains. These 
include an RGD sequence, IKVAV, DG-10, DG-22, DG-32, DG-56 and DG-73 in the  chain. Also 
an RGD sequence has been identified in the 2 chain of Drosophila. In the  chain PDSGR, F-9 and 
YIGSR binding sites has been identified. It has been shown, by integrin antibody inhibition, that 
AG-10 and AG-32 seems to be specific for human α6β1 integrin belonging to the PS1 integrin 
family. Because Drosophila PS1 integrins are specific for laminin, and because the  and  chains 
are conserved trough evolution it seems likely that DG-10 and DG-32 also could be specific for 
these integrins. A similar reasoning could be made for Tardigrada. Also the human α3β1 integrins, 
another PS1 integrin, binds to the IKVAV sequence in laminin.  Many different cell types bind to 
this sequence, and if all these aspects are taken into consideration, it seems very likely that one or 
more of the binding sites in the laminin-1  chain will be able to bind body cavity cells. The YIGSR 
sequence found in the laminin-1  chain has also been able to bind some different cell types, but not 
as efficiently as the IKVAV sequence in the  chain. In an eventual coating assay, either the entire 
laminin protein can be used as coating medium, or some of the sequences found in the different 
subunits of this protein. Regarding the lack of information of body cavity cells, it would be most 
obvious to choose the complete laminin protein because of the many binding sites. It should be 
mentioned though that laminin, like many of the other larger molecules, is difficult to synthesize 
and purify. It would therefore be easer to use some of the short sequences found in laminin. Of the 
different binding sequences in laminin, some cell types has shown to be able to adhere to the 
IKVAV sequence as well as to laminin, and because of a relatively simple sequence, it would be 
easy to use as a coating medium. It should be mentioned that the different adhesion results for the 
IKVAV sequence were obtained by adding a higher amount of this sequence compared to laminin. 
Of the other known sequences the different DG-sequences has also been able to adhere some cell 
types, although not as efficiently as either laminin or the IKVAV sequence. The same was the case 
for YIGSR.  
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Perlecan in D. melanogaster, found in the basal lamina, has two RGD sequences located in domain 
III and V.  An examination of the binding properties of domain V showed that adhesion was not the 
primary function of this domain. Here it should be noted that the binding properties of the other 
domains are unknown and that the RGD sequence located in domain III still needs to be examined.  
The binding properties of the complete protein papilin have also been examined, and like domain V 
of perlecan it lacks adhesion abilities. Like many other proteins it contains an RGD sequence in the 
fourth region. In experiments, cells transfected to overexpres PS2 integrins did not spread on 
papilin, so it seems that this RGD sequence is not functional, and therefore the protein is unusable 
as a coating medium. Of the other proteins found in the basal lamina, the RGD sequence found in 
domain III of perlecan still needs to be examined, in order to verify this protein as a coating 
medium. Also some of the domains in perlecan have a similar composition as some of the domains 
located on the -chain of laminin. Domain III of perlecan is similar to the domain IVa and IVb of 
laminin. Therefore the RGD sequence found in domain III is probably similar to the one found in 
domain IVb of Drosophila laminin-2. Domain V of perlecan is similar to the repeats found in 
domain G, and it is therefore likely that some of the binding sequences found domain G have been 
conserved between these two proteins. Therefore we can not disregard perlecan as a potential 
coating medium. It should be noted though that perlecan, like laminin, is a very large protein 
making it hard to synthesize and purify. Therefore it is not the most preferable protein to use as a 
coating medium. 
 
Regarding the protein nidogen, it is not described in the literature whether or not this protein 
contains an RGD sequence. Its primary function seems to be linking the laminin sheets together 
with the type IV collagen. It also contains a binding domain for perlecan, thereby holding the basal 
lamina together, and therefore it is not preferred as a coating medium. 
 
Different genes coding for collagen have been identified in the Drosophila fat body and the high 
degree of homology of the NC1 domain between invertebrates indicates that collagen IV also could 
be found in Tardigrada. The binding sites for the human integrin receptors have been identified. The 
 subunits of these human integrins belong to I-DOM family. No invertebrates are found in this 
family. The human  subunits belong to the 1 family, and again no invertebrates are found in this 
family (Hughes, 2001). Therefore it is uncertain whether the PS1 and PS2 integrins also are able to 
bind to these binding sites. The previously described coating assay with collagen showed that it was 
possible to use this protein as a coating medium. While some cell types did bind directly to type IV 
collagen, it has been shown that sometimes adhesion to collagen is dependent on laminin as a 
crosslink for other cell types. In the coating assay an investigation of 10 different cell types were 
adhered to either laminin, collagen IV, or collagen IV with laminin in solution. None of the cells 
used in this experiment are directly comparable to either fat cells in Drosophila or body cavity cells 
of Tardigrada. Of the different cell types used in this experiment the endothelial cells are the ones 
though, expected to have binding properties similar to Tardigrada. This is because both the 
endothelial cells and the Tardigrada body cavity cells bind to the basal lamina. Therefore, based on 
the result for this cell type, it is likely that the body cavity cells will bind to a collagen coated 
surface through cross linking with laminin, but because the two cell types are very different we can 
not predict if this is the case. Therefore we find that the best approach would be to use a collagen 
coated surface. Because it is uncertain whether body cavity cells binds directly to collagen an 
approach would be to add soluble laminin to the collagen coating if no direct binding where 
observed. Therefore it is possible to establish which type of binding these cells mediate.     
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When looking at the different ligands for integrins, it seems obvious, that some are more favourable 
as coating medium than others. The simplest medium would be small RGD containing sequences 
found in many proteins. Coating assays done by Auernheimer and colleagues (2005) and by 
Kurihara and colleague (2005) with RGD have shown that it is possibly to coat a surface with these 
sequences. Furthermore the coating assays have shown that RGD improve cell adhesion, and that it 
binds cells even better than laminin and fibronectin. In these coating experiments it was also tested 
how the binding properties changes when soluble RGD-peptides was added. This showed that the 
PS2 integrins made bindings with the soluble RGD, rather than binding to the RGD-sequences in 
tiggrin. From this, it is evident that soluble RGD-peptides will make a good coating medium for 
binding of PS2 integrins. Because of its simplicity RGD sequences would be easy to synthesize and 
use as a coating medium, compared too the more complex proteins found in the basal lamina. It is 
also possibly to use entire proteins such as laminin as previous adhesion assays has shown, but 
because of their larger size and complexity, these proteins are harder and therefore more expensive 
to synthesize and purify.  
 
As mentioned earlier tiggrin is a very strong ligand to the PS2 integrin. Several spreading 
experiments have shown that a plastic petri dish coated with tiggrin will make PS2 integrins adhere. 
This is an ability that might be used in making body cavity cells adhere to a surface in the AFM. 
But unfortunately tiggrin only binds PS2 integrins, so coating of one or more additional ligands or 
substrates is necessary for a complete and stable binding.  
 
The Drosophila PS1 and PS2 integrins are specific for laminin and the RGD sequence in tiggrin 
respectively. Furthermore PS3 integrins of Drosophila also seems to be specific for laminin. 
Therefore it would be most favourable to construct a coating medium containing both RGD and 
laminin, which should be able to bind the body cavity cells if at least the PS1 and PS2 integrins 
have been conserved. The described coating assay by Kurihara and colleague (2005) showed that 
the binding affinity depended on the number of RGD repeats, and therefore it should be possibly to 
adhere the body cavity cells although these cells only show a temporally binding to the basal lamina 
in the body cavity. These weak bindings could indicate a low number of integrins on the cell 
surface, but by using different ligands as coating medium represented in a high number, it could be 
possibly for the cells to adhere properly.  
 
We recommend coating with RGD in order to adhere body cavity cells, because of its simplicity 
and conservation. If no adhesion is observed with RGD one approach could be to coat with laminin 
also, because of its many binding sites. Another approach would be to use the different binding sites 
in laminin independently. These sequences would be easier to synthesize but more adhesion assays 
would have to be conducted in order to identify the most efficient binding sequence.          
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Appendix 1 – Phylogenetic trees 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These two phylogenetic trees show the conservation of the different integrin  subunits. 
Abbreviations are shown below. 
Sea squirts H. roretzi (abbr. Hro and Hr) and C. intestinalis (abbr. Cin and Ci) , nematode C. 
elegans (abbr. Cel and Ce), fruit fly D. melanogaster (abbr. Dme and Dm), sea urchins S. 
purpuratus (abbr. Spu) and L. variegatus (abbr. Lva), mouse M. musculus (abbr. Mmu), human H. 
sapien (abbr. Hsa and Hs), dog C. familiaris (abbr. Cfa), frogs P. waltl (abbr. Pwa) and X. laevis 
(abbr. Xla), Chick G. gallus (abbr. Gga), and pufferfish T. rubripes (abbr. Tru). 
 
